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Abstract: The goal of the study is to enhance the produytivi solar stills using an unsaturated porous mnedinitially
saturated by salty water and using concentratifigater. This paper concentrates only on the matiga model for the
porous medium and its solution using a finite-voduapproach. The previous studies dealt with wickima with high water
content and liquid saturation in the wick mediumswet determined. A physical model for the inijaflaturated porous
medium was developed. The model takes into corddider the salt concentration in the solution, stefand internal water
diffusions to humid air with vapor pressure deteread from vapor mass balance. The system of traneiegdimensional
differential equations was developed together withboundaries and initial conditions. A finite-wole method was used for
discretisation of the differential equations. Alydimplicit scheme was used for unsteady term dissation while the
convective terms (liquid solution, vapor and drg) & the energy equation are handled by an upwititeme method. The
nonlinear equations are solved simultaneously bjatipg the coefficients matrix at one time stepiluhe five variables
converge to prescribed tolerance. Matlab was usedpgogramming tool. Solution of the model is ot#d and discussed.

Keywor ds. Porous Medium, Solute Concentration, Vapor Pres@lisorbed Solar Radiation

1. Introduction

The study of porous medium represents the impogtamc governing equations and boundary conditions fortiphase
industry, drying, soil contaminants and solar sfilhe wick moisture transport. They solved the coupled eqosatio
material can be used in solar still and it can dmestlered as numerically, compared the numerical results withvewtive
a porous medium and the nature of study for poroedium  "non-microwave" heating studies which were repoitetheir
is different from that of wick material. The considtion of literature. Also they obtained experimental measerds of
porous medium helps to make a mathematical model pfoisture loss in their study. They assessed th&ilbation of
differential equations, the mathematical model gitree mass the convection terms to the energy equation.
and heat transfer in porous medium also it gives th Akbar and Haghi [2] studied the heat and mass feans
prediction for solute crystallization. Then the abusage of phenomena occurring within a carpet during combined
porous medium is solar still applications. Then thenicrowave and convective drying. They analyzed the
mathematical model can be formed to know both laeat moisture, temperature, and pressure distributiceseigated
mass transfer knowledge throughout the process.

Ni et al. [1] had developed a multiphase porous imed Costa et al. [3] studied porous media with high ervat
model to predict moisture transport during inteasivcontent which can be successfully used as theraraiebs to
microwave heating of biomaterials. They formulatdte operate under high exposure temperatures and/gbr reat
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fluxes. Modeling and simulation of thermal
consisting of highly humid porous media was a amjing
task. Physical model needed took into account that h
transfer mechanisms, including radiation heat fexnand
phase change. Liquid water and water vapor trasisf@are
considered, including the capillary effects for liggid phase,
as well as the air transfer inside the porous nmdilihey
concluded that the mass transfer rate from tharthebarrier
to the environment is controlled by the vaporizatyocess
and vapor effusion, and not by the convection meisina
Neale et al. [4] studied the hygrothermal analysfs
buildings which is becoming increasingly utilizedr f
evaluating heat and moisture related problems wvithie
building envelope. They concluded that the convecti
surface coefficients were particularly important r fo
calculations involving boundary layer heat and nteesssfer.
The convective moisture coefficients were oftencakated
through analogy equations, i.e. Lewis and Chiltarib@Grn
ones. However, these equations were not alwaysd.val
Therefore, a different approach is needed to atelyra
determine heat and mass convection coefficientsulyesan
et al. [5] studied numerically the evaporative dgyof a two-
dimensional rectangular brick. Average heat and sma
transfer coefficients appropriate to the conjugpteblem
were defined based on constant temperature andtur®is
differentials between the solid and the ambienteeFr
convection effects on drying were also studied $ome
initial period for low Reynolds number. It was demstrated
that heat and mass transfer coefficients basedoostant
temperature and moisture potentials may be mo
representative of the conjugate heat and masdargm®cess
during drying. Hence, the conjugation of two caaéfints is
less representative based on
difference and moisture difference.
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barrierswhere the rate law describing mass change of ystallized

salt is known.

The previous works of wicked solar still did notatievith
internal structure of porous media, solar irradé@anc
penetration, utilization of drying period of porousedia,
crystallization inside pores and effect of pariaturation of
the porous medium. However, the studying of hedtraass
transfer is considered a surface phenomenon. Augoro
medium, being a heterogeneous system made of d soli
matrix with its void filled with fluids, can be ta¢ed as a
continuum by properly accounting for the role ofleg@hase
in transport through this system of phases [9th&previous
work of porous medium, the vapor pressure is rkgriaas a
variable in the differential Equations. Howeverwas not
calculated as a variable in the differential equatiand the
source and sink terms were canceled each othenryning
the liquid and vapor mass equations. In the presemty, a
new approach is presented by calculating the vaaotial
pressure using suggested an evaporation modell¢alata
the vapor source term in the mass vapor equatitsa, Ahe
solar radiation attenuation is modeled in the preserk to
calculate an absorbed solar radiation at the ponoedium

Tifferent layers. Five one-dimensional differenté&guations

expressing mass, momentum and energy equations are
presented in five unknowngs,C,P,P,). The nonlinear
equations are solved simultaneously by updating the
coefficients matrix at one time step until the fivariables
converge to prescribed tolerance. The numericale cizd
written in Matlab. Solution of the mathematical rebds

Sbtained and discussed.

instantaneous temperatz- Physcal MOdd

Figure 1 shows the system of the current work. gdm@us

Lee et al. [6] developed a transient two-dimensiongnaierial is supposed rigid and unsaturated one dihillary

mathematical model to simulate the through-air myyi
process for tufted textile materials. The heat andss
transfer in cylindrical porous medium and air flogiaround
it were analyzed separately. The resulting systetheothree
non-linear differential equations was numericalbived by
an implicit finite-difference method. Duc Le et ff] solved
the salt concentration equations in conjunctiorlie liquid
saturation evolution in space and time using nuraérnd
analytical methods for selected cases. The maiectibg of
their study was to combine the advances in the rstateding
of flow-through evaporation from porous media wéblute
transport theory and develop a better understandihg
evolution of crystallized salt saturation in rockfie mass of
solid salt crystallized was calculated by applysaubility
limits on the liquid concentrations for the case fabt
crystallization kinetics and capillary-dominatednddions.
Koniorczyk and Gawin [8] had taken the salt phalsange
kinetics into account during the modeling of couaple
moisture, salt, and heat transport. Their mathexalthodel
was describing moisture and salt transport in sothiermal
conditions. The process of salt phase change inptive
solution was modeled using the non-equilibrium apph,

behavior. Mass and heat transfers are supposed tonb
dimensional. The closed side (z=0) of material d&abatic
and the open side (z=L) is subjected to naturavective
flow and long wave radiation. The solar radiation
(/1= 03- 3.oum) penetrates the porous material and it is
absorbed by fluid and solid phases. The model densdl in
this paper is only that in the porous medium. FégRishows
the schematic sketch of porous medium phases.

i Q:cl’c
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}

l dz
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/

Fig 1. System of porous medium with absorbed solar energy
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Liquid Phase coefficient of the material in the element layeriathtakes
into consideration the absorption in the differemmponents
of the porous medium of element thickneglg . The
absorption coefficient is a physical property of ttmaterial
and has the units of reciprocal length as it isolumetric

property. The value of,, is dependent on t and z as do the

_ different component of the porous medium. The i#ata

St Phsie Gas Phase flux along the path is attenuated exponentiallylevipassing
Fig 2. Physical model of non-hygroscopic porous medium through an absorbing porous medium. The boundary
conditions are:

2.1. Assumptions

o atz=L,q =} 2)
1. The skeleton of a porous body is a rigid solid whic
does not swell, absorb water, or dissolve in watet \where:
does_ not enter into chem.|cal interactions with wate o, is the solar flux impinging on the top surface.
solution (water/ NaCl solution)

2. The moisture adsorbed due to hygroscopicity ofisalt The solution is hence given by:
neglected. " o - eff (L-2)

3. Transport in the material is simplified by makirogal g (Z’t) = Qa0 XP ®)
thermal equilibrium.

. . The energy absorbed by an elemental volume per unit
4. The salt movement occurs by convection and Fickian' 9y y P

e . aq’
diffusion. volume is thus equal to—z or
5. The effects of the salt crystallization on the rhais 0z
and ionic transport are taken into account by B B
. . . mo_ yeff('— Z)
correcting the material transport properties as a 4, = Aeoio¥err EXP 4)

function of the porosity in each time step.
6. The specific heat of the brine is assumed to be The latter term is considered as energy gener&tion in
dependent on brine concentration. the energy equation of the porous medium. The tiadidlux
7. The materials of the porous medium are treated asaching the bottom of the porous medium is assuimdu
being continuous and having properties definedbsorbed at the bottom surface (z=0) of the coatdionlding

everywhere in space. the porous medium. The latter term is equal to:
8. The porous material is homogeneous and isotropic.
9. The gas-phase is ideal in the thermodynamic sense. q(ot) =g (t)exp ™" (5)
10. The vapor mass is transferred by diffusion from
porous medium to ambient. 2.2.1. Calculation of the Absorption Coefficient for Porous
11. The scattering from reflection in a porous mediued b Medium Phases
is neglected. The absorption coefficients for porous medium phase

. o . (solid, solution, gas) are functions of wavelendjstribution.

The porous medium is assumed to be a semitranstparglqrouS medium is calculated from:

medium for solar energy which in turn is diffusaliegion. 30

Internal reflection and scattering are neglected amly E,y,dA

absorption is taken into consideration. At any tmaz, the R — (6)
change in radiation flux for the element, as a ltest E,dA

absorption, is a function of the flux reaching glement [10]. 03

The change in intensity has been found experimgntal
depend on the magnitude of the local intensity. alf ~ Vpnase is the medium phase total (average) absorption
coefficient of proportionalityy which depends on the local

) X 27 " coefficienty 1, the medium phase spectral absorption
properties of the medium is introduced, then therekese in m™ Y P P P

> U _ -, ) : : .
solar flux in an element volume is given by: coefficient, |7, E, spectral mtensﬂ;wm_z / um A s
da” Zor g the solar irradiance wavelength, pm.
Q'(z,t) = a; - d%, : . L
(1) The effective absorption coefficient is the volumesrage
dg"(z,t) = +y,, (2)9"(z t)dz of absorption coefficient of all components of paso

medium, or

The antit is called the effective absorption
qu ! y yeﬁ ! WV p I yeff = (@M +¢V\(lsvyv +¢8pysal +(1_qo)ys) (7)
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Where, } is the water average absorption coefficighi,is q? _[ZSyS]d _[2 yzjzo (11)

the vapor average absorption coefficieff, is the sand ? ?

average absorption coefficient,, is the salt average The values of N and d can be obtained from equsi{@)
absorption coefficient. and (11). Since the temperature distribution is one

The liquid water average absorption coefficient igimensional, evaporation takes place by diffusioomf
calculated from the data of spectral absorptionfiicient Saturated air at the surface of water to the urnatd

which is reported in [11]. Thus, the calculatedrage value Surrounding air at the same temperature. The riieajoor
mass diffused from water columns to the surroundiinger

. m’l . .. . A ! .
is 35077 . The water vapor absorption coefficient is,nit yolume of the porous medium is calculated from

calculated from the spectral absorption coefficiant the

oy}

calculated average value is approximately fibl [12]. My = As,hmp (PVS - pv)/dz (12)
There is a little amount of carbon dioxide whichirisluded

to air components. Thus, the larger componentsirofr@ Where:

nitrogen and oxygen which have no absorption fdarso
energy. There is no data for absorption coefficientsand

and because 90% of glass is made of sand, the sawttion area of porous mediufy, and h_ is the mass

absorption coefficient was assumed to be equatitdle of  ansfer coefficient between solution surface anchid air.
that of glass. Glass absorption coefficient is agpnately 30 The liquid solution surface area is given by:

_: -1
m* [10] and thus that of glass is taken 69 . The A, = Nudd2)= A A, (13)

absorption coefficient of NaCl is 0.0007" [13] at
wavelength of 1.06“™ . The total average absorptionand from eq. (9)

A, is the ratio of water solution surface ar@gto cross-

-1
coefficient of NaCl is assumed 0.008% through the solar Nl g 4
wavelength band since no data is available at other A, "d (14)
wavelength values. OA, = Nﬂ:C(dZ) - 504 ()
2.3. Water Vapor Diffusion inside Porous Medium
. . Hence,
The vapor pressure is estimated from vapor masmbel
and it is solved simultaneously with other fouriahtes. The L 4 ( ) 15
vapor mass transfer inside the porous medium dsnsis O, = S|¢Fhmp Pws =P, (15)

capillary mass rate, diffusion mass rate througé @eumid
air) and evaporation mass rate by diffusion fromtewa  The mass transfer coefficiet‘p;1p is calculated from [14]:
solution to porous medium humid air.

h,, = Sh* D, /dz
2.3.1. Diffusion of Vapor from Water to S_ol ution to Gas _ sh= 050lGr * 59 (i6F < Gr * Se< 10°)
To calculate the mass rate of diffusion from wasgution
to vapor inside the porous medium, it is assumatittie salt sh=01+ (6r* sd' 300" < 6r* sc<10)
solution in an element volume that has the profifeN where (16)
cylindrical columns each of diameter (d) surroundsda
volume of gas making cylindrical annulus of outéndeter B ) 3 /(pha,s+pha]
(d+y). The value of y represents the air space ratomater er= g[phas phajL ¢ 2 Ya
cylinder and was considered to be 0.0075 m. Thitfsistbn Sc=wv,/D,,

of water solution to humid air occurs from cylirehi surface
areas to the surrounding air. The equations for tioesd The characteristic length_ in eq. (16) is taker(y/Z).

evaporation model are as follows: ) ]
2.3.2. Vapor Mass Transfer from I nside Porous Medium by

A g5 :N[g d+y2_d2j 8 Capillary and Diffusion _
! 4 (( ) ) ® The total flux of vapor is composed of convectiBalcy
flow) and diffusion flows respectively as these green by

A 95 =N %dz (9) the following equation [1]:
From equations 8, 9, the following two equationg ar KK, , oP ng (pv/ )
derived m =|-p, =—-—MMD, ——| (17)
H, 0z p, 0z
N=2AA8 (10)

mZ
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2.4. Soluble and Crystallized Salt Model

There are two approaches for salt crystallizatimamely,
equilibrium approach and kinetic approach. In thestf

approach the equilibrium between the dissolved al

precipitated salt is assumed. The amount of pretgd salt
in the pores is defined by its saturation degrgewBich is

described by the salt binding isotherms. In thigrapch, it is
assumed that salt solution is not saturated. Duetht&o
physical adsorption, some of ions are capturedhieysblid

skeleton surface [15]. In kinetic approach, it $swmed that
there is no salt in the solid phase until the $ofusolubility

limit C_,
solution at its temperature) is reached. After exieg the
maximum salt concentration, the solution is supearsted.
The supersaturation ratio (i.e.
concentration/concentration at saturation), theessgturation
is the driving force of the salt crystallizationhieh starts
when the solution supersaturation ratio is grettian one.
The first crystals are formed on the crystallizatiouclei
which are usually built by dust or other contamimas. An
increase of solid salt mass is calculated on theshaf the
supersaturation ratio, according to the followinguation
[15]:

ds, _ sk(c,-Ac,) .C.2AC, 18)
dt _SIK‘CS_A'Csat‘p'Cs< A'Csal
mie. = (- 0,K')s/(C. - AC..)) (19)

In equation (18), it is assumed that there is ribisahe
solid phase until reaches the solution solubilityitl C.. (i.e.
the salt mass concentration of the saturated soludit a
current temperature) is reached. After exceeding
maximum salt concentration, the solution is supearsted.
Equation (19) represents the precipitated salt mdmn the
solution is supersaturated. An increase of solitl rass is
calculated on the basis of the supersaturation,raticording
to equation (18). The process order, p, dependsthen
properties of porous body and the kind of salt [8jere is a
need to determine mass of precipitated solute énstilution
(dissolved salt) or a mass crystallized solute.idarease of

the mass of dissolved solute has a negative sigithwh

physically means dissolution of salt crystals. hswfound
from the experiments that the form of rate law #mel order
of the process p = 1.9 was taken from previous yweftiere
the salt crystallization in bricks was analyzed.eTbther
constants of the rate law were assumed arbitraeytduthe
lack of the experimental data concerning cementian@nd
the rate constant of crystallization of sodium cide is given
at [15].

2.5. Ambient Temperature and Humidity Calculation
Method

The ambient temperature was assumed to be codedate

a cosine wave with time with a maximum at 3 p.md an
3 am. The maximum and minimum

minimum  at
temperatures are usually obtained from the metegiwdl
data for different locations (Assuit city was catesied for

current

th
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the current study). The relative humidity is knoamn3 p.m.
for Assuit. The humidity ratio is assumed to be stant
during the day. These assumptions help in estimatie
temperature and relative humidity of air at anyetiguring

"We day. The data of Assuit, Egypt are used inghidy.

3. Equilibrium State Laws and
Properties

The input data are shown at table (1)

(i.e. the salt mass concentration of the saturated The total porous medium volume is:

AV = AV, + AV, + AV, + AV, (20)

The porosity is:

AV, +AV, + AV,
p=———— (21)

AV

The water saturation, gas saturation and salt aiigted
saturation are defined as:

AV AV AV
§=—",8=—",8, = "} (22)

v 7\ v
§+S5,+S, =1 (23)

The mass density of water vapor and dry air andrthe
mixture are:

R R
le = ! pa =
RT ~ RT (24)
p:pv+pa’ P:F\)/+Pa
The intrinsic permeability is given by [16]:
di-s Y[ 1-0 )
Klg)=K 2 25
(w) o[ o J (1—¢J(l—SP)J (25)
The effective gas diffusion coefficient is giverly
D, (¢7) =D/ ((”(1 -S -5, ))E (26)
The effective salt diffusion coefficient is giver{b7]:
D, =5"(ar79r 0027 +340° T2)x10° 27)
The capillary pressure is given by [9]:
) =7{ oo )+ 022t1-5)+ 008 | ()
(/@) S - 008
The capillary diffusivity is given by [1]:
K,K oP.
D, =| ———= 29
( M 0S J (29)
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The liquid viscosity, thermal conductivity, and fage
tension are given by [18]:

18085

4 = 2240° ex;{?j(ﬁ 185C, - 41C2 + 445C§) (30)
K, = 004C+K, (31)
_ 252 93
o= [0.03059 exp(m] + 0.04055 CS] (32)
The liquid density is given by [19]:
P =P (l+ SC)
£ =0.7558 } (33)
Relative permeability [9]:
Seff:S_SIr SeffS]'
1-5s,
K, = Se3fr (34)
Krg = (l_ Seff )3

The effective heat capacity and thermal condugtivit

(ﬂcp)en =(¢SMCN +Al_ S _Sp)pvcuv +d1_ S_Sp)pacua +¢8.C e +(1—@pscps) (35)

Ko=ldwli-s-s Jc +onl-5-s )k +ax +ap.+dk)  (36)
Where:

C, =4180- 4396(C /1oo)pI + OOO48(C /100)2 p’[20], (,OCp )eﬁ is

the porous medium effective heat capacly, is the
effective thermal conductivity of porous medium gmments,
C, is liquid solution specific heak, is the liquid solution
thermal conductivity.

4. Mass and Heat Transfer

Transport in the material is simplified by makiniget
assumption of local thermal equilibrium. This medmst at
any cross section, the solid, liquid, gas and pitted salt
phases are at the same temperature. This allowshénhmal
transport to be characterized by a single equafion
conservation of energy. Heat transfer model
conduction, radiation, enthalpy convection, semsim¢ating
and phase change. The partially saturated mediasréiguid
water solution by capillary action. There is a ghabange
for liquid water and soluble salt. For the liquicter is being
evaporated by diffusion for some periods of tintee salt
concentration increases to reach the supersaturediodition.
When supersaturation occurs, the salt will be efljzed at
dry region of porous media. A realistic model isisidered at
the exposed boundary in what concerns mass traastethe
outflow mass transfer of vapor is dictated by cative
diffusion.

4.1. Governing Equations of Heat and Mass Transfer

The mass and energy conservations are given by the
following five equations:

P 9 KK oP
— \S\ e =7 | T ‘7“‘ - ‘- 37
wat(p ) [‘7[ g H, (‘72 pgj]] G0
~ KKr‘g f
P 3 Yy oz
ﬁ(pvsg)_ evp__§ 2 g a(p /p) (38)
_iManDen -
pg 0z
KKf,l aPl —
) s -p,C, 67_10‘9
N
p—\p CS +p S |=—-—— 39
dt( I | p p) oz . ( )
_W|S|Dsa|
KK, 0P
P P P o, oz
02 (sn)- -2 ()
at ¢ 0 Cg
2 Sy omop, 1P
. 0z
aT - o
oT 0 -K... — _mevphfg_nqcrshcr
oC 7j = oz |= " 41
(( p)en ot 52[+ " * UsoicV et eXp(_ yeff(L_z)) ( )

The mass balance equation (37) describes the liquid
solution mass transfer. The salt solution leaveswublume
across its boundary due to flow moving at Darcgpeity
and takes into consideration gravity force. The srizedance
represented by equation (38) describes the vaposs ma
transfer. The mass balance equation (39) repretentolute
mass transfer. The first (LHS) term represents stered
solute and the second term represents the praeipitsalt
which results from dissolution or crystallizatiohhe mass
balance equation (40) describes the dry air mamssfer.
Fick's law governs mass fluxes due to concentration
gradients (diffusion part) which are often the mgighificant
driving force as shown in equations (38), (39) &@). The
modified Navier—Stokes equation for porous mediduces

indudego Darcy’s equation inside the porous media for -low

permeability systems [21]. The Darcy's velocitypplied at
mass balance equations (37), (38), (39) and (4®).é&nergy
balance, equation (41), describes heat transfétensorous
medium. The first (LHS) term is the storage terng $econd
is the net conduction and convection flux of flyithases
(solution+ vapor+ air). The (RHS) term is the loabkorbed
solar energy per unit volume. The convection tenmthe
energy equation is defined by the following equatio

_ aq,c’onv -
0z

LAN

(C pvﬁ]\’/’ + C par?n;: + Cpl r:nln) 62 (42)
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4.2. Initial and Boundary Conditions
4.2.1. Initial Condition

c(20) = ¢
P(z0) =R (43)
7(20) = 7
R(z0)= P,
Where:
S,C,R,T, and R; are the saturation, solute
concentration, pressure, temperature, and contemntra

respectively at time zero.

4.2.2. Boundary Conditions
The bottom (closed) and top (open) boundaries ameng
as follows:

4.2.2.1. Closed Boundary Conditions

At z=0,
m‘ =0
=0
(44)
m’;all =
m =0

The energy balance at closed boundary is given by:

(. T exple) (45)

4.2.2.2. Open boundary Condition
At z=L

It is assumed thaP =P, , P, is the ambient pressure.

The mass balance for liquid, and vapor are given by

rhl” = m:vaﬂ.
Ml = M (46)
M, =0
Where:
m’ is mass flux diffused from solution surface to

evapl

ambient air, andm’ __ is mass flux diffused from inner

evap2

"
volume humid air to ambient air at surface. The two M,

mentioned fluxes are calculated from:

mgvau = (@ N (p vsat pamb))

1"

, } (47)
m

evapR

—
- va
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PMvMaDeff
o _2|\RT(M,R+M,(P-R)
mp=—

Az + M vM aDefva
RT(

M,P, +M,(P-PR))
is the mass transfer coefficient for vapor diftursi

P

v,ha

| B
jN(PN -R.)

h

miv

from porous medium to ambiem’tﬂD is mass vapor diffusion

from humid air in porous medium's surface to huraid

region,n  is calculated from [14],

%

It is assumed that the vapor mass is transferreth fr
porous medium and vapor mass is diffused from porou
medium surface to ambient. Wherever the liquid miass
reached to porous medium surface by capillary actibe
diffused surface liquid is compensated by it. Trster vapor
mass transfer coefficient from porous medium to ientbis
unknown and there is no experimental data for #fue
However, the boundary node for vapor mass transfetken
as shown in Fig. 3 [22].

miv

:E
Pa

D efg
a

h (48)

miv

Exposed
surface

Fig 3. The boundary element for vapor mass transfer

The energy balance at open boundary is given by:
Energy flux in = Energy flux out

Figure 4 shows the energy fluxes at open surfacedbry.

Tuags ™0 g Wi (T, - T,)
=L I I I
- nith, 1ih, m;,C,, (r,,-T,)

Fig. 4. Open surface energy boundary condition

The heat fluxes enter the top boundary are:
Qnynq the conduction heat flux

m'h the enthalpy flux of liquid

i \,pzhv the enthalpy flux of vapor diffused from gas to

ambient
The energy fluxes out from the top boundary are:

n

Q.. the convection flux to ambient
Q... the radiation flux to sky
M’ _h,  the enthalpy flux of vapor diffused from liquil

ambient air
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The energy balance at open boundary can be defioedt

« aT )

- el sur - + qconv
T 57

Where:

K=l w)-5 -S K +mf1-5 -5 )k +K +@K, +(1-gK) (50)

— " "
- mevplhfg + qrad

(49)

The convection and radiation fluxes are given by:
q;'onv = hC (Tsur _Ta)
q = fJ(T4 —T4)

sur S
The heat transfer coefficient from porous mediunfame
to ambient is given by [14]

(51)

hC = Nu(Ka(l_ WSUI’)+ KVWSUI’)/ LC (52)
Nu= 054R, )"*(10" <R, <107)
Nu= 015R, )*°*A0 <R, <10") (53)

g(lohasur - lohaamb)Li

Ry =

Both air and vapor properties are calculated at fil
temperature. Wherever, the concentration differerise
between air at the porous medium surface and amhbien
the mass can be transferred from porous mediunacitio
ambient. Thus, the Grashof number which depends tip®
density differences is applicable here [14]. Prantgdmber
and thermal diffusivity @ are calculated at humid air
conditions.

5. Numerical Solution

The finite-volume method is applied to a conseprati
statement for a control volume.

JV'Div Y/dv:iv-hds (54)

statement for a control volume. A finite-volume hed was
used for discretisation of the differential equasioA fully-

implicit scheme was used for unsteady term dissagtin

while the convective terms (liquid solution, vagad dry air)
in the energy equation are handled by an upwiné+seh
method. The system of equations is solved by dimsthod
(inverse matrix). The coefficients matrix (K-coefénts) is a
function of five dependent variables (liquid satima, salt
solution concentration, gas pressure, temperatuegor

pressure). The nonlinear equations are solved smebusly
by updating (iteration using new solution of vates) the
coefficients matrix at one time step until the fivariables
converge to prescribed tolerance. The numericale cizd
written in Matlab. The K-coefficients are calculhtby an
arithmetic average at the interfaces [24]. The eogence is
ensured by five convergence criteria for the vdesbFigure
5 shows a flow chart for the program designed famerical

solution.

Start

Read

5,.C, BT, T, Rh

n=(1 to 180} 1 solar hour)
Time{0)}=0
time(n)= time(n-1)+dt

Ambient Temperature Model
Calculate Ta

!

Solar Radiation Model
Calculate g7

!
Salt Dissolution Model
Caleulate Precipitated salt

-

Porous Medium
Calculate

S,C,P,T.P

!

Print
S5, C,P,T.P

5.&C. &P, &T‘P‘ ==Tol

Yes

¥

Fig 5. Programming flow chart.
5.1. Time Sep and Number of Nodes

The convergence is occurred at time step of 20nskco
Another time step is used when the vapor pressyuat®n
is unstable for high evaporation rate and the s#¢iome step

Where V the volume of interest, S is is the boundaryg 10 seconds. The number of nodes was found t@lbe

surface of the volume)/ is a vector function with

continuous first spatial derivatives within the wle, and n
is the unit vector normal to the surface orientedtte
positive pointing outward from the volume. In Ed¢i, 8he
integral on the left is evaluated over the contolume,
which may be a one-, two-, or three-dimensionalioreg
whereas the integral on the right is a contourgirgketo be
evaluated over the boundaries of the control volJ28].
The finite-volume method is applied to a conseorati

which, gives the best results with selected tinepst The
mass of different phases that were calculatedHerporous
medium, were checked at the end of each interVsd, ahe
energy balance for the porous medium was checkedafch
time interval to release the convergence criteyiaitder and
over relaxation. The liquid solution mass reductiand
masses of water vapor and solute are given respgctby
the following equations:
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mas$=(ip.¢aAzAr] (55)

{gren)

tz Y

maS§ = J%(mevrl + mev;ﬁ)A;rdt (56)
4

N
msolute“:o = Zcpl %rz
1
N (57)
msolute‘t = z Cpl %rAZ
1

The energy balance is given by:

z=Lt

ot | [ diaz

z=0t;

t t
— [~ "
Ein _ch =0 +J.qca
4 Y

=N = r'rtv;:l / Mv *M acpa(Ta _TO)

"
Ocal
z=L

1E=Y S (ec,), T

phases z=0

(58)

t
"

Enul = J. (qlcuv + q:ad + qgvp} =L dt

Y

z=L

IE= z z((llnp)eff(T_TU)

phases z=0

6. Results

The porous medium used in this analysis is sandnof
average diameter of 0.63 mm. The sand porosity3s The

sand permeability i1a0™m?* which is considered to be a

high permeability [22]. The results of the model reve
obtained for Assuit location (longitudgi®1058"e and

latitude27°1058"N ) in @ summer day (May 22- 2013) from

7:00 a.m. to 2:00 p.m. (solar time). The local solaon is at

12:03:21. The maximum and minimum ambient tempegatu

are 311.15 K and 299.15 K and relative humidity0i4 at

3:00 p.m. These measurements were obtained from the

meteorological data at website for Assuit locatinrEgypt
[25]. The initial condition for liquid saturationgsalt
concentration and gas pressure are considered 10.9%

0035kg,,, ../ ka,,.... and 101.325 kPa, respectively. The ambient

temperature and vapor pressure at 7:00 a.m. estimatbe
302.2 K and 1.58 kPa, respectively, considered dothe
initial temperature for the porous medium's commaand
the initial vapor pressure in the medium's gas.

Figures 6 to 10 show the results of the distrimgiof the
five variables (saturation, concentration,
temperature, vapor pressure) at different timegurei 6
shows very slight decrease in liquid saturatiothi® porous
medium at the first two hours. However, the satoravalues
decrease more as time passes almost linearly with the
same time. The liquid saturation is relatively high the
distance from medium's center to the medium's botfhe
liquid saturation decreases at the front regionniyadue to
the vapor mass transfer to the surrounding. Wherdte
liquid saturation is decreased, the solar radiafienetrates
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more through medium thickness. This causes solarggn
absorption to spread deeper to the interior regidme latter
explains the increase in the evaporation rate HBygibn in
the interior region. This is confirmed by the relaly large
vapor pressure in the interior region as shownign & (water
vapor pressure distribution curve).

Figure 7 shows the solution concentration profiless clear
that the maximum concentration values are at thpeup
region of the medium. The salt concentration isialy the
same for the medium and by water evaporation the sa
concentration increases. Firstly, the concentratien
approximately taken the initial concentration vahecause
the vapor pressure is approximately equal to thpowa
saturation pressure. This leads to small diffusiérvapor
from solution to gas for the interior region. Aettop Region
the concentration increases with increase in zth&t last
three hours, there is a relatively large differenteolution
concentration between top and interior regions wiitie
maximum concentration occurring at the surface. Sdiable
solute starts to crystallization at the hour 14#gt since the
supersaturation ratio has reached to a value ofdthis
value is larger than crystallization supersaturatiatio for
sodium chloride (2.31) [26].

1 time = 7

—
0.8 \K

0.6

Solution Saturation (-)
/
N

0 0.005 0.01

Distance (m)

Saturation distribution —date 22/05/13;Time: 7:0@+00

0.015 0.02

Fig6.

1

o
o

Solution Concentration (-)

0 0.005 0.01

Distance (m)

Fig 7. Concentration distribution —date 22/05/13;Time00: 14:00

0.015 0.02

pressure

In Fig. 8, the temperature profiles show that theximum
temperature is not at the surface. In the first twars, the
maximum temperature is at the top half region ef porous
medium. However, for the following hours, the mauim
temperature is at the bottom of the medium. Thelimgo
effect at the surface causes its temperature tivireys lower
than that of the rest of the medium. The absorption
coefficient for each of liquid and solid (sand)lasger than
gas. Hence, as the liquid saturation decreaseshserption
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coefficient decreases and the solar flux penetrdéeper in

Figure 10 shows the total pressure profiles. Itwehan

porous medium. This causes the maximum temperature increase in pressure in the first three hours ealhgen the
move deeper in the medium. The maximum temperaturé¥erior region. The value of increase in totalgsure is not

occur at the hour 12 coping with time of almost maxm
solar flux.

Figure 9 shows the partial water vapor pressure. vipor
pressure is changed at the end of each time iritacearding
to the value of the stored vapor mass in the iafeta Fig. 9,
it is clear that the water vapor pressure at sarfamde has
lowest value due to diffusion of vapor to the atptoeric air.
However, the surface pressure is changed from EPE8to
5.0038 kPa and the surface vapor pressure retarredtice
to 4.64 02 kPa at 13 p. m. It is generally cleantfiFig. 9 that
the water vapor pressure is mainly function of terafure
which is responsible for increasing vapor mass iffusion.
The maximum value for vapor pressure is obtainedbatut
the hour 12 (noon) at the bottom region of the mnediThis

is due to the maximum solar flux beside its deeper

penetration in the medium. At this time the lowespor
pressure is at the surface as expected and dischséare. It
is also clear that the vapor gradient in the lovegion of
medium is relatively small at the first three hoarsd after
that it increases with time till around solar no@m the other
hand, for top region there is always a pressurdigna that
increases near the top and increases with timsdidir noon.

The results obtained for total vapor transferred
atmospheric air was about 8.3 kg for a time peoibd hours.
370
12
360 13
350 10 14
g \
%’ 340 9
g T
g 330
5
F 320 8
310
time=7
300
0 0.005 0.01 0.015 0.02
Distance (m)

Fig 8. Temperature distribution— date 22/05/13; Time:(#:24:00
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Vapor Pressure (kPa)
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8

2

0

0 0.005 0.01

Distance (m)

0.015 0.02

Fig 9. Water Vapor Pressure distribution— date 22/05/Tigpe: 7:00- 14:00

exceeding 4 Pa. At first hour, the gas relativemzability
K. is very small since§ is relatively large (Eq. 34). The gas

. . oP .
capillary mass flux term is decreased K:K'g? is
z

decreased leading to an increase in the stored ofaggor
and dry air (Egs. 38 and 40, respectively). At fingt three

hours, especially for the interior region, the eslwfK

and K are small since the liquid saturation is higke Eq.
34). Also Fig. 10 shows that the total pressurdigrd is

small. Thus,KKm%: is small at the first hours; giving high
storage terms for vapor and dry air. Hence, thesgume is

relatively high at the first hours.

101.33

101.329

101.328

101.327

Total Pressure (kpa)

to 101.326

101.325

0 0.005 0.01

Distance (m)

0.015 0.02

Fig 10. Pressure distribution —date 22/05/13;Time: 7:0@:0D

7. Conclusions

The physical model takes into account the heatstean
mechanism, absorbed solar radiation; relative hitynahd
phase change inside the porous medium, the l|atahda
reason of building up water vapour pressure ingide
medium. The solar radiation term is solved by cd&sng it
as energy generation in the elements's volumes. riiages
transfer occurs in the liquid and vapor phasesh qatse
phenomenon is used alone to calculate the liquidraton
and water vapor pressure, respectively. The evéipereerm
is estimated and the water vapor pressure is eadmll
depending upon the physical phenomenon of wateorap
mass transfer inside porous medium. The previoudiest
estimated the water vapor pressure using thermalilegum
inside the porous medium thickness and the auttiorsot
take into consideration the source term (evapanagom) of
water vapor mass transfer inside the domain's el&me
Whenever the surface water vapor pressure will Hmnged
the inner water vapor pressures are affected. Tenvater
vapor mass in porous medium will be changed upoavnd
according to the changing in surface vapor presstinés
scenario helps for controlling the phenomena of samas
diffusion in porous medium in an opposite side tfieo
studies which calculated the water vapor pressuoen f
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empirical equations. The change in ambient watgsova change in the water vapor pressure in the humidegjion.
pressure affects the water vapor pressure insideptiious The model's equation has taken highly nonlineaitgl they
medium's elements. The previous studies did nat fato  strongly have linked, linearization of matrix caeints is
consideration the salt concentration with water orap used. The coefficient matrix linearization is ocear by
pressure as variables. This porous medium systambea substituting the updated variables into it untileth
used with another system such as humid air regiosolar convergence criteria is occurred. Numerical sotutgave

still application and it has high dynamically respe to the converging results by applying mass and energynbaka

Table (1). Input constant data

Parameter Value Unit Source Parameter Value Unit Source

Porosity (p) 0.37-0.5 . [9] Air molecular weight(M ) 28.97 kg / kmol [4]
T 2x10 ™ - :

Permeability (¢ ) m?2 9] Vapor molecular welgh(M ) 18.015 kg/kmol  [4]

’ 1.8x10 % ’

Gas viscosity(y , ) 1.8x10 -5 Pa-s [ Salt diffusion coefficient(p °) L5x107° eyg

Ambient pressurg(p. ) 101325 Pa Vapor diffusion coefficientp, 2.6x10°° m?/s

Air kinematics viscosity(y ) 1.6x10%-5 m2/s 8] Irreducible saturatior(s ) 0.08 B} [9]

Air thermal conductivity(K ) 0.028 W /(m.K) [8] Initial temperature Ta K

\(/ip(;r thermal conductivity 0.0212 w/(mK) 8] Initial Saturation(s ) 0.99 .

%imsj thermal conductivity 027 W /(le) 9] Stefan-Boltzmann constal(g; ) 567x10°° wi(mk?)  [4]

Sand density(p ) 1530 kg/m’ Sand emissivity(g ) 0.95 -

Vapor specific hea(c . ) 1410 J /(kg.K) [8] Gravity acceleratior(g ) 9.81 m/ s

Air specific heat(c . ) 1004 J /(kg.K) [14] Pure water densit(pw ) 998.2 kg/m®  [15]

Sand specific hea(c ; ) 800 3/(kgK) [4] Sand absorption coefficient 60 m™*

Salt specific heafc - ) 850 3i(kgK) [27] water absorption coefficieny, 350 m™

Vapor gas constar(R ) 0.4615 KJ /(kg.K) 4] vapor absorption coefficieny 10 m™*

Air gas constan{R ) 0.287 KJ /(kg.K) [4] Sand emissivity(¢ ) 0.95 .

Nomenclature

thermal conductivity (kW/m.K) and

K S - 2
intrinsic permeability(m?)
A supersaturation parameter K gas relative permeability (-), liquid
: K _ "
C salt mass concentration (kg of solute/kg "o’ v relative permeability (-)
of solution) K' NaCl kinetic parameter
c phase contenfkg/m*) Ll Porous medium thickness  (m),
(C ) effective specific heat T characteristic length (m)
o e capacity(kJ/kg.K ) rit mass flux (kg /m*.s)
D,,, effective-diffusivity (m?/s) M volumetric evaporation ratgg/m’.s)
D_, salt diffusivity (m*/s) : \Z(k)ll;m?tric salt precipitation rate
rece g m°.s
D, capillary diffusivity(m/s*) " M air
q radiation flux(w /m2) va:)o,r v %" molar mass(kg,/kmol )
~ . . 2
g gravity acceleratior{m/s?) (Nu ) MEJ Nusselt number
Gr Grashof number;
h enthalpy(k/kg) P gas pressurékpa)
h convictive heat transfer P Pre_C|p|tated salt
c coefficient(w/m* k) b capillary pressure(kPa), vapor pressure
h mass transfer coefficient inside porous ° " (kpa)
' medium (/<) - q input solar flux(w /m?)
h mass transfer coefficient from surface ™'r.0
m porous mediun{m/s) R, gas constant for ga&J/kg.K )
I.E internal energyki/m*) Rh relative humidity
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under high temperature or high heat flux. Inteval Journal
of Heat and Mass Transfer; 51(2008) 3342—3354.

(4]

A. Neale, D. Derome, B. Blocken and J. Carmerliet, Gadip

(Sc: %) Schmidt number.
[Sh = fole j Sherwood number;
P (5]
S,, § gas saturation (-), liquid saturation (-)
S, precipitated salt saturation (-)
T, T, temperature (K), sky temperature (K)  [6]

\Y volume (m*)

Greek Symbols

a thermal diffusivity (m?/s) [7]
B volumetric thermal expansion (1/K)
A difference value
y absorption coefficienfi/m) [8]
v kinematic viscosity(m®/s)
H dynamic viscosity(kg/ ms)
w, humidity ratio of ambient air [9]
W, humidity ratio at medium surface.

liquid density (kg/m*), Water vapor
P Py density (kg/m*) [10]
P, salt crystal density(kg /m®)

vapor density of water vapor at [11]
Pus saturation(kg /m*)
@ porosity (-)
Symbols [12]
ec equation
t time
Subscripts [13]
a air
amb ambient
| liquid [14]
v vapor
sal salt
sat sat [15]
tras transparent
eff effective value
cry crystallization [16]
s sky
sur surface

[17]
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